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Variability in the tropospheric distributions of carbon monoxide (CO) over ﬁve selected regions of India
has been studied using the MOPITT data for the period of 2001e2014. The average seasonal proﬁles show
highest mixing ratios at 900 hPa in the boreal winter and lowest in the Indian summer monsoon over all
the study regions. We observe a slight increase in CO levels from 500 hPa to 200 hPa over all the lo-
cations. The CO mixing ratios are found to be higher by about 10e40% around 300e200 hPa as compared
to 900 hPa over Ahmedabad, Hyderabad and Trivandrum during monsoon period. This could be due to
lifting of polluted air by convection and getting trapped in the anticyclonic winds over the Indian region
during the monsoon. Most of the 7 day back trajectories over these regions show transport of the
polluted air mass from the major biomass burning regions of central Africa and SE Asia. The results show
dominance of the seasonal amplitude at 900 hPa over all the regions, while inter-annual variability
dominates mostly over Ahmedabad, Hyderabad and Trivandrum at 300 hPa. In order to check the ability
of different models in capturing the observed variability, the results have been compared with simula-
tions from two chemistry transport models (MOZART and EMAC). This comparison shows that both the
models perform reasonably well in simulating the basic features such as annual variation as well as
increase in CO around 300e200 hPa due to convection during the monsoon season.
Copyright © 2016 Turkish National Committee for Air Pollution Research and Control. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Carbon monoxide (CO) is an important trace constituent of the
troposphere due to its role in air quality, atmospheric chemistry
and global climate (Duncan and Logan, 2008; Jacob et al., 2013). It
removes primary tropospheric oxidant hydroxyl radical (OH) and
hence, affects the oxidizing capacity of the atmosphere as well as
ozone (O3) budget (Levy et al., 1997; Warneck, 2000). CO does not
absorb the IR radiation emitted by the Earth's surface to be counted
as a direct greenhouse gas (GHG), but it affects the atmospheric
burden of GHGs such as O3 and methane (CH4) and hence, con-
tributes in the positive radiative forcing (~0.23 ± 0.7 W m2)
(Wigley et al., 2002; Myhre et al., 2013). Overall, the troposphericry, Ahmedabad, India.
a).
nal Committee for Air Pollu-
ttee for Air Pollution Research and
g/licenses/by-nc-nd/4.0/).burden of CO is governed roughly half by the oxidation of hydro-
carbons mainly due to the CH4 oxidation and half by the direct
surface emissions (Duncan et al., 2007). Major surface emission
sources of CO include the incomplete combustion of fossil fuel,
biofuel, wildﬁres and agricultural biomass burning (Lawrence and
Lelieveld, 2010). The chemical lifetime of CO is relatively short, of
the order of few weeks to 2 months, depending on the ambient OH
concentrations (Lawrence et al., 2003). Due to its lifetime being less
than the inter-hemispheric mixing time (~1 year), it does not
become evenly mixed in the troposphere, although it can get
transported globally from source regions. This makes CO as an
excellent tracer to study the transport and circulation of global and
regional pollutants from industrial activities and large-scale
biomass burning in the troposphere (Edwards et al., 2004;
Sodemann et al., 2011).
In the tropical region, deep convective updrafts enhance the
vertical transport of CO and create a strong connection between the
surface emissions and the upper troposphere. Several modelling
and observational studies have highlighted that the deepControl. Production and hosting by Elsevier B.V. This is an open access article under
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summer monsoon in the tropics leads to a plume of enhanced CO
levels in the 400e150 hPa range (Kar et al., 2004; Li et al., 2005;
Randel and Park, 2006; Park et al., 2009; Ghude et al., 2011). CO
in the upper troposphere, can change ozone levels, which in turn
can alter the radiative forcing (Forster and Shine, 1997).
India is a major developing country in South Asia with a pop-
ulation of about 1.2 billion. The strong industrial and economic
growth contributes to increasing emissions of pollutants (Akimoto,
2003; Pozzer et al., 2012). Hence, the atmosphere over this region is
strongly impacted by pollutants. The diurnal and seasonal varia-
tions of surface CO have been investigated over limited regions of
India using in-situ measurements (Lal et al., 2000, 2012; Naja and
Lal, 2002; Sahu and Lal, 2006; Beig et al., 2007; Mallik and Lal,
2014; Sarangi et al., 2014). Several campaigns had been also orga-
nized for studying spatial distributions of trace species, including
CO over adjacent marine regions of the Arabian Sea and the Bay of
Bengal (Lal et al., 2006, 2007; Sahu and Lal, 2006; Srivastava et al.,
2012a,b; Mallik et al., 2013). In addition to these in-situ measure-
ments, satellite and model based studies have also been conducted
to study dynamical effects and long term trends in the troposphere
(Kar et al., 2004, 2008, 2010; Ghude et al., 2011; Kumar et al., 2013;
Worden et al., 2013; Girach and Nair, 2014; Sheel et al., 2014; Yoon
and Pozzer, 2014). However, a detailed study in terms of long-range
transport and seasonal variability in the vertical distribution of CO
in the troposphere over the Indian region is still missing.
In view of the above perspectives, the present manuscript is
based on the analysis of CO measurements using the new version
(V6) of MOPITT (Measurement of pollution in the troposphere)
satellite data at ﬁve urban regions representing northern, eastern,
central and southern parts of India, having different physical and
climatic conditions, to study its vertical distribution, seasonal cycle
and effects of long range transport on its distribution in the
troposphere. This study begins with a brief discussion about the
dataset used in Section 2 and about the study regions in Sections 3.
The vertical distributions of CO during different seasons are dis-
cussed in Section 4.1. Annual variations at lower (900 hPa) and
upper (300 hPa) tropospheric heights are discussed in Section 4.2
and the effects of long range transport over the study regions at
upper tropospheric height (300 hPa) are discussed in Section 4.3.
Furthermore, the climatological mean annual distributions of CO
over all the study regions have been compared with the annual
mean climatology from two chemistry transport models (MOZART
and EMAC) in Section 4.4. The summary and conclusions are given
in Section 5.
2. Data sources
2.1. CO, meteorological and ﬁre count data
This study uses Level 3 V6-TIR monthly mean gridded
(1 1resolution) CO products fromMeasurements of Pollution in
the Troposphere (MOPITT) for a period of 14 years (January,
2001eDecember, 2014) at 9 pressure levels between 900 hPa and
100 hPa. The “a priori” proﬁle plays an important role to constrain
the retrieved proﬁle to fall within the range of physically realistic
solutions and represents the geographical and seasonal variation of
“background” concentration of CO. These proﬁles are based on the
monthly climatologies of CO for the period of 2000e2009, simu-
lated by the Community Atmosphere Model with Chemistry (CAM-
Chem) (Deeter et al., 2014). MOPITT CO retrievals at different
pressure levels have been validated against NOAA aircraft CO pro-
ﬁles and are found to be positively biased, which varies from 3.5% at
the surface to 0.8% at 200 hPa (Deeter et al., 2014). Low bias exhibits
minimal inﬂuence of a variety of potential bias sources, includingerrors in instrumental speciﬁcations, forward model errors, spec-
troscopy errors, and geophysical errors in the retrieved CO data.
Therefore, the choice of V6-TIR products is best for our study which
is focused on the transport effects on CO distributions in the upper
troposphere. For ensuring the best quality satellite retrievals, each
grid of the retrievals is screened to have Degrees of Freedom for
Signal (DFS) value greater than 1.2. As a result of applying this ﬁlter,
we did not get monthly proﬁles for one or twomonths over some of
the study regions. Furthermore, it is also important to analyse the
MOPITT averaging kernels (AK), because they quantify the sensi-
tivity of the retrieved proﬁles to the true proﬁles (from in situ
measurements). For instance, if we look the AK proﬁle at 900 hPa, it
shows a broad peak at 500 hPa level with very low value at 900 hPa,
which means the retrieval is not much sensitive to CO at 900 hPa,
but is correlated to the CO at 500 hPa. On the other hand, if the
900 hPa AK has a sharp peak at 900 hPa itself, then it shows that it
has good sensitivity to the CO at 900 hPa. Hence, for checking the
sensitivity of CO proﬁles over the study regions, we took the
climatological mean of averaging kernel proﬁles at different pres-
sure levels for the four different seasons from January, 2001 to
December, 2014 (Fig. S1a and b, in Supplementary part). The details
about MOPITT data and averaging kernel studies are given in the
Supplementary Section S1. As suggested by Rodgers (2000), the
“area” of the averaging kernel rows (i.e., the sum of all elements of a
particular row in the AK matrix) can be used as a rough measure of
the fraction of the retrieval which comes from the data, rather than
the a priori. In other words, if the AK row sum for a particular
retrieval level is much less than 1, the retrieval is dominated by the
a priori. As the AK rows sum approaches 1, the a priori contribution
becomes smaller and smaller. Our main focus of this study is on the
seasonal cycle of CO at 900 hPa and 300 hPa. Hence, we calculate
the fraction of the retrieval using this method at 900 hPa and
300 hPa during different seasons and observed smaller contribu-
tions from the a priori at these levels over all the study regions
(Table S1 in Supplementary part).
Monthly gridded ﬁre-count data at 1 1 spatial resolution
corrected for cloud overpasses, taken from the MODerate resolu-
tion Imaging Spectro-radiometer (MODIS) on the Terra spacecraft
for the period of January 2002 to December 2012, have been used to
identify the ﬁre activities. Details of MODIS are given in Justice et al.
(2002). The monthly averaged wind and vertical velocity (omega)
data for different seasons are taken from National Centers for
Environmental Prediction (NCEP) reanalysis dataset over India and
surrounding marine regions for the period of January
2001eDecember 2014. The monthly average rainfall data are based
on the Tropical Rainfall Measuring Mission (TRMM) satellite, while
monthly averaged surface temperature and RH data have been
taken from Wunderground (http://www.wunderground.com) for
the period of January 2001 to December 2014.
2.2. Model simulation results
This study uses the average monthly climatology of CO for the
period of January, 2001eDecember, 2007 from an off-line three
dimensional global chemical transport model MOZART-4 (Model
for Ozone And Related Tracers, version 4) at a horizontal resolution
of 2.8 latitude by 2.8 longitude with 28 sigma pressure levels
extending from surface up to 2 hPa. The input data for anthropo-
genic and biomass burning emissions have been taken from Pre-
cursors of Ozone and their Effects in the Troposphere (POET)
(Olivier et al., 2003; Granier et al., 2005) and Global Fire Emission
Database, version 2 (GFEDv2.0) respectively. More details about the
MOZART and its simulation can be found in Sheel et al. (2014).
Additionally, this study also uses the average monthly climatology
of CO for the period of January, 2001eDecember, 2007 from
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T42L90MA-resolution, i.e. with a spherical truncation of T42 (cor-
responding to a quadratic Gaussian grid of approx. 2.8 by 2.8 in
latitude and longitude) with 90 vertical hybrid pressure levels up to
0.01 hPa (~80 km altitude). The model simulation is described in
J€ockel et al. (2010) with the only difference of the usage of the
ACCMIP emissions data for anthropogenic emissions for the year
2000 (Lamarque et al., 2010) and the Global Fire Emission Database,
version 3.1 (GFEDv3.1) for biomass burning emissions (van der
Werf et al., 2006), the last dataset with inter-annual variability.
These models have been evaluated extensively for CO in different
studies (Pozzer et al., 2007, 2009; Emmons et al., 2010; Yoon and
Pozzer, 2014). The idea of using the simulations of these models
is to check whether the observed variability of CO in different
tropical study regions and at different tropospheric regions are
captured by both the models, which have different inputs.3. Study locations and local meteorology
We have selected ﬁve study regions of 2 2 (Lat.  Lon.) (Fig. 1
and Table 1) in order to cover different urban regions of India from
south to north and from east to west. Details of various major cities
located in these selected regions are given below.
Delhi, the capital of India having a population of about 11
million in 2011, is a major metropolis city in northern India. Large
scale industries and three coal power plants are running in Delhi. It
shows typical feature of humid subtropical climate, which is char-
acterized by intensely hot summers and cold winters. Dibrugarh, a
small city located in the northeast part of India, is a rural, conti-
nental site. It has a humid subtropical climate with extremely wet
summers and relatively dry winters. Ahmedabad is a densely
populated (5.5 million) industrialized metropolitan city located in
western India. Large scale industries like textile, automobile, etc.
are located in and around Ahmedabad. The city also has a 400 MW
coal ﬁred power plant. Ahmedabad has a hot semi-arid climate.
Hyderabad, an urban city in central India, lies in the northern part
of the Deccan Plateau. It is a densely populated (6.8 million in 2011)
city and its outskirts are covered by large industrial sectors of metal,Fig. 1. The study locations: Delhi (28.4N, 77.2E, 213 amsl, humid subtropical climate,
urban region), Dibrugarh (27.5N, 95.0E, 108 amsl, humid subtropical climate, rural
region), Ahmedabad (23.0N, 72.5E, 55 amsl, semi-arid climate, urban region),
Hyderabad (17.4N, 78.5E, 542 amsl, semi-arid climate, urban region) and Trivandrum
(8.6N, 77.0E, 10 amsl, climate borders between a tropical savannah and a tropical
monsoon, coastal semi-urban region). The map is taken from Google.paints, tanning and pharmaceuticals. It has a tropical wet and dry
climate bordering on a hot semi-arid climate. Trivandrum is a
tropical coastal city, located on the west coast of India and bounded
by the Arabian Sea to its west and the Western Ghats to its east on
the southern tip of the Indian peninsula. The city has a population
of about 3.3 million, according to the census of 2011. It has a climate
that borders between a tropical savanna climate and a tropical
monsoon climate. Hence, it does not experience distinct seasons.
The average variation of surface air temperature, relative humidity,
rainfall and outgoing long wave radiation (OLR) are shown in the
supplementary part (Fig. S2).
4. Results and discussion
4.1. Vertical distribution of CO
Fig. 2 shows the average seasonal vertical distributions of CO
from 900 hPa to 100 hPa based on the data from 2001 to 2014 for all
the ﬁve regions. All the seasons discussed in this section and further
sections correspond to the northern hemisphere or boreal seasons.
In general, higher CO mixing ratios are observed at 900 hPa in all
the seasons except monsoon over most of the regions due to the
inﬂuence of local pollution sources. However, the vertical vari-
ability is very different from place to place and from season to
season. Mixing ratios of CO at 300e200 hPa during the monsoon
season are observed higher than the mixing ratios at 900 hPa over
Ahmedabad, Hyderabad and Trivandrum. Average COmixing ratios
at 900 hPa and 200 hPa for the four seasons over all the study lo-
cations are given in Table 2.
Over Delhi region, the CO mixing ratios are observed highest in
the winter season, closely followed during autumn and lowest in
the monsoon season at 900 hPa. Higher values of CO during winter
are due to shallow planetary boundary layer (PBL). CO decreases
with height from 900 hPa to 100 hPa during winter and spring,
however, we ﬁnd a decrease in CO concentrations from 900 to
around 500 hPa and an increase at pressures lower than 500 hPa
(300e200 hPa) during autumn and monsoon seasons. Highest
levels of CO are found around 200 hPa duringmonsoon. The vertical
gradient is found to be lowest in monsoon as compared to other
seasons. It shows comparatively fast mixing over Delhi during this
season. CO mixing ratios decrease faster above 200 hPa in all the
four seasons. The mixing ratios at 100 hPa have minimum inter-
annual variability (low standard deviation).
The CO distribution over Dibrugarh region shows similar vari-
ability as observed over Delhi but the mixing ratios are almost
comparable during winter and spring followed by autumn and
lowest in the monsoon season. CO concentrations in this region are
dominated by biomass burning, which is higher in the spring sea-
son. The shallow boundary layer could be responsible for higher CO
during winter. During spring, higher CO levels are observed from
surface to 600 hPa in comparison to other seasons, which may be
due to higher mixing of surface polluted air up to this height due to
higher boundary layer height. The monsoon proﬁle corresponds to
only one month (for 14 year period ¼mean of 14  1 ¼14 proﬁles)
due to unavailability of retrieving data and shows almost compa-
rable CO mixing ratios from 800 hPa to 200 hPa. It indicates uni-
form and higher mixing due to deep convection during this season.
Like over Delhi region, the mixing ratios are also observed higher
during the monsoon season at 200 hPa as compared to other
seasons.
CO distribution over Ahmedabad region shows similar features as
observed over Delhi. The CO values at 900 hPa during winter are
higher than in other seasons (90e152 ppbv). One notable change is
that, the CO proﬁle during monsoon does not show a signiﬁcant
decreasing trend (86e92 ppbv) with height up-to 400 hPa and
Table 1
Details of major cities inside the latitude and longitude grid boxes taken for the study. Altitudes of corresponding cities are above mean sea level (AMSL). Population details are
taken from the Indian census of 2011 (http://www.census2011.co.in/city.php).
Locations Lat, Lon (N, E) Lat-span (N) Lon-span (E) Altitude (m, amsl) Population (million)
Delhi 28.4, 77.2 27.5e29.5 76.5e78.5 213 11.07
Dibrugarh 27.5, 95.0 26.5e28.5 93.5e95.5 108 0.13
Ahmedabad 23.0, 72.5 22.5e24.5 71.5e73.5 55 5.5
Hyderabad 17.4, 78.5 16.5e18.5 77.5e79.5 542 6.8
Trivandrum 8.6, 77.0 7.5e9.5 76.5e78.5 10 3.3
Fig. 2. The seasonal climatology (2001e2014) of vertical proﬁles of CO over all the study regions based on the new version (V6) of MOPITT satellite data. The shaded areas represent
±1s spread of the CO mixing ratios about the mean levels. The blue triangles show the winter (DJF), magenta stars show spring (MAM), green rectangles show monsoon (JJA) and
grey circles show the autumn seasons. The CO mixing ratios are given in ppbv.
Table 2
A summary of COmixing ratios (ppbv) at lower tropospheric height (900 hPa) and upper tropospheric height (200 hPa) during the four seasons. Due to limitations of space we
have include the study region name in short form. Del means Delhi, Dib means Dibrugarh, Ahm means Ahmedabad, Hyd means Hyderabad and Tri means Trivandrum.
Study regions Winter (DJF) Spring (MAM) Monsoon (JJA) Autumn (SON)
900 hPa 200 hPa 900 hPa 200 hPa 900 hPa 200 hPa 900 Pa 200 hPa
Del 188 ± 5 69 ± 3 154 ± 7 73 ± 2 132 ± 12 107 ± 5 178 ± 7 86 ± 2
Dib 207 ± 19 79 ± 2 206 ± 16 79 ± 1 143 ± 5 110 ± 7 164 ± 15 90 ± 2
Ahm 174 ± 10 81 ± 2 134 ± 4 85 ± 3 91 ± 9 118 ± 15 152 ± 11 95 ± 2
Hyd 228 ± 6 92 ± 2 187 ± 7 92 ± 3 105 ± 5 115 ± 19 199 ± 7 98 ± 3
Tri 181 ± 11 96 ± 2 150 ± 19 96 ± 4 63 ± 4 87 ± 2 119 ± 15 97 ± 4
N. Chandra et al. / Atmospheric Pollution Research 7 (2016) 775e785778thereafter it starts increasing and gets peaked (118 ± 15 ppbv) at
200 hPa. This indicates that the atmosphericmixing is stronger, which
transports the surface CO very fast up to higher tropospheric heights.
The peakmixing ratio inmonsoon at 200 hPa is observed higher thanother study regions except Hyderabad. The CO levels are also
observed higher at 300 e 200 hPa than the levels at 600e400 hPa.
The CO values over Hyderabad at 900 hPa during winter and
autumn are signiﬁcantly higher than over other study regions. The
N. Chandra et al. / Atmospheric Pollution Research 7 (2016) 775e785 779decreasing slope from 900 hPa to 700 hPa is observed highest
during winter in comparison to other seasons. It could be mainly
due to shallow boundary layer during this season. It also shows
very weak vertical gradient during monsoon from 800 hPa to
400 hPa like over Ahmedabad. Furthermore, a peak of CO is
observed at 200 hPa, which is comparatively higher than the value
of CO at 900 hPa during monsoon. In addition to this, like over
Ahmedabad, the CO proﬁles also show an increasing trend from
400 hPa to 200 hPa in rest of three seasons.
Trivandrum region shows unique vertical distribution of CO as
compared to other study regions. The CO proﬁles show an almost
negligible vertical gradient from 800 hPa to 500 hPa in all the four
seasons, which reﬂect the dominance of vertical mixing up to this
height. Above 500 hPa, the CO mixing ratios start increasing up to
200 hPa in all the four seasons. CO peaks during spring, winter and
autumn dominate over the monsoon peak at 200 hPa. It is totally an
opposite feature than over other study regions, where monsoon
peak dominates over other seasons. These features will be dis-
cussed in details in Section 4.3.Table 3
Seasonal cycle amplitude (A) and inter-annual variability (V) matrices of CO in ppbv
as discussed in the text for selected pressure levels and for all the regions.
Regions 900 hPa 300 hPa
Delhi region A ¼ 24.6 V ¼ 15 A ¼ 10 V ¼ 9.8
Dibrugarh region A ¼ 26.1 V ¼ 14 A ¼ 8.3 V ¼ 9
Ahmedabad region A ¼ 35.8 V ¼ 17 A ¼ 7.4 V ¼ 14
Hyderabad region A ¼ 49.2 V ¼ 19.6 A ¼ 9.5 V ¼ 12.8
Trivandrum region A ¼ 47.5 V ¼ 13.3 A ¼ 5.4 V ¼ 11.54.2. Annual cycle: amplitude and inter-annual variability
The annual cycle of CO is governed mainly by the three pro-
cesses: emissions, transport (advection and convection) and
chemistry. The nature of seasonal variation changes from station to
station and with height. Fig. 3 shows the climatological mean
annual variations of CO at 900 hPa and 300 hPa along with clima-
tological mean pseudo CO retrievals (transformedmodels retrievals
using satellite averaging kernel and the a priori proﬁle, will be
discussed in details in Section 4.4) by MOZART and EMAC models
for the period of January, 2001 to December 2007. We choose this
limited period only, for making comparisons between the satellite
retrieved and models simulated annual cycles, since this is a
common period in all these data. In this sectionwewill discuss only
the seasonal patterns at two heights, while model comparisons at
both the heights will be discussed in Section 4.4. The CO levels
around 900 hPa are mostly affected by surface emissions while
around 300 hPa, are mostly affected by transport (convection as
well as advection).
In order to quantify the average annual cycles and inter-annual
variability of CO at 900 hPa and 300 hPa, we calculate the metrics ofFig. 3. Annual variation of CO at 900 hPa and 300 hPa from MOPITT satellite, MOZART and E
The mixing ratios are given in ppbv. The annual cycles from both models represent pseudo re
averaging kernels and the a priori proﬁle. Red triangles show MOPITT CO mixing ratios whi
respectively.seasonal cycle amplitude (A; root mean square amplitude of the
annual cycle), and inter-annual variability (V, RMS of the standard
deviations of the 12 months around the annual cycle) at 900 hPa
and 300 hPa. These parameters (A, V) are estimated according to
the procedure discussed by Livesey et al. (2013) and used equations
are given in Supplementary Section S4. These results are given in
Table 3. For the purpose of broad classiﬁcation, Livesey et al. (2013)
deﬁned distinctly seasonal and mostly inter-annual cases as those
where A> 1.5 V and V> 1.5 A respectively.Wewill use these criteria
in further discussions.
In general, the mean seasonal cycle of CO shows higher levels in
winter months and lower levels in monsoon months at 900 hPa.
The higher levels in winter are mostly caused by emissions of CO
from local sources which get trapped in the lower boundary layer
height during this season. Along with this, the CO loss by OH radical
is also minimum during the winter season (Holloway et al., 2000).
In addition to these, all study regions are mostly inﬂuenced by
polluted continental air masses during this season (Fig. S3). Hence,
winter maxima is a combination of local emissions, chemical,
meteorological and transport factors. Dibrugarh shows higher CO
mixing ratio during March also in comparison to other study re-
gions. It is mainly caused by the biomass burning over north-east
India, which is a major controlling factor in the seasonal variation
of CO over this region (Vadrevu et al., 2013; Girach and Nair, 2014).
During summer, prevailing southwest monsoon brings the cleaner
air masses over Indian subcontinent from the surrounding marine
regions. It causes lower CO at 900 hPa during this season over all
the study regions. Trivandrum region exhibits lower CO levels
during monsoon at 900 hPa in comparison to other study regions,
since being the coastal region, the south-west monsoon ﬁrst hits
this region. The CO levels over Delhi and Dibrugarh duringMAC models using 7 year monthly climatology (2001e2007) over all the study regions.
trievals, which are obtained using the mixing ratios from both the models and MOPITT
le green dash lines and solid blue lines correspond to MOZART and EMAC simulations,
N. Chandra et al. / Atmospheric Pollution Research 7 (2016) 775e785780monsoon months are observed higher as compared to other study
regions. This is because Delhi and Dibrugarh regions are farthest
from marine regions and mostly inﬂuenced by marine and conti-
nental mixed air mass duringmonsoon. On the basis of Livesey et al.
(2013) criteria, the distinct seasonal behaviour is observed over all
the study regions at 900 hPa. Hyderabad and Trivandrum show
comparable higher seasonal cycle, with root mean square ampli-
tudes of 49.2 and 47.2 ppbv respectively at this pressure level.
In contrary to 900 hPa, observations at 300 hPa show higher CO
mixing ratios in the monsoon months and lower in winter months,
over Delhi, Dibrugarh and Ahmedabad (Fig. 3). Delhi region shows a
CO peak in the month of July, Dibrugarh and Ahmedabad show in
the month of August. However, Trivandrum does not show this
feature. Hyderabad does not show any clear picture and behaves
like a transition region for winds and shows two peaks in the
month of July and September. Kar et al. (2004) also observed a
development of plume of high CO mixing ratios in July over north
and east of the Indian subcontinent, which reaches its maximum
intensity in August and further extends to eastern China. This
plume is associated with the trapping of the convectively uplifted
pollutants from the Indian and Chinese regions in the so-called
Tibetan anticyclone (Li et al., 2005). The higher levels of CO at upper
tropospheric heights duringmonsoon over the Indian subcontinent
have been also discussed in several other studies (Randel and Park,
2006; Jiang et al., 2007; Park et al., 2009; Schuck et al., 2010).
During September, the plume moves equator ward to Southeast
Asia and subsequently dissipates. During the developing phase of
the plume, it mostly covers the Delhi, Dibrugarh and Ahmedabad
region and hence responsible for higher CO levels over these re-
gions during July and August. During the dissipating time, the
plume touches Hyderabad region and hence cause for higher levels
of CO during September over Hyderabad at 300 hPa (Kar et al.,
2004). Trivandrum region shows minima in monsoon at 300 hPa,
which is a totally different feature than over other regions. Con-
vection as well as advection due to the long range transport control
the seasonal cycle of CO at 300 hPa at most of the study regions and
will be discussed in Section 4.3. The seasonal amplitude at this
pressure level is found to be higher over Delhi and Hyderabad re-
gions (A ¼ 10 ppbv and 9.5 ppbv respectively). In contrary to
900 hPa, the annual variability dominates on the seasonal vari-
ability at 300 hPa over all of the study regions. Mostly inter-annual
behaviour dominates at 300 hPa over Ahmedabad, Hyderabad and
Trivandrum.
4.3. Long-range transport of CO in the upper troposphere
Fig. 4 shows a contour plot of vertical distributions of CO over all
the study regions based on the monthly averaged climatology for
the period of 2001e2014. As mentioned previously, we averaged
only those data points which have daytime DFS values greater than
1.2 and hence, using this ﬁltering criteria, some monthly proﬁles
are removed. Therefore, there are no proﬁles of CO for May and July
over Dibrugarh and for May over Ahmedabad and Hyderabad.
Additionally, Fig. 4 is slightly different than the contour plot in Fig. 7
due to the different period used in the analysis. High levels of CO
are observed in the 300e200 hPa region, mostly during Asian
summer monsoon over all the regions except Trivandrum, where
lower levels of CO are observed. CO levels are highest (122 ppbv)
over Delhi in July and over Ahmedabad in August (131 ppbv) at
200 hPa. It could be due to the pollutants carried aloft by deep
convection activity over India and China and trapped within the
anticyclonic winds during the Asian summermonsoon as discussed
earlier. Higher levels of CO are also observed over Hyderabad, Tri-
vandrum and partially over Ahmedabad in the height range of
300e200 hPa during other seasons as well. The rest of the studyregions Delhi and Dibrugarh which represent northern and eastern
regions of India, do not show this feature. Since there are no direct
emission sources of CO except the photochemical production of CO
at this height region (300e200 hPa), it could be due to transport
from some intense source regions of CO.
Furthermore, the 12 year seasonal climatology (January,
2001eDecember, 2012) of ﬁre counts detected by the MODIS have
been employed (see Fig. 5a), to investigate the effect of seasonal
variations in ﬁres on climatological CO levels. It clearly shows that
the widespread burning occurs during winter over Central Africa,
northern parts of South America, Thailand andMyanmar. Themajor
ﬁre activities in S-SE Asia (India, Thailand, Myanmar, Vietnam, etc.)
and in Central Africa occur in spring. During monsoon, it shifts
towards South Africa and Central South America while during
autumn major ﬁre activities occur over Central South America,
Central and South Africa and Northern Australia and Indonesia. The
biomass burning activities emit huge amounts of CO over these
regions during these periods. OLR values are lower (<240 W m2)
over ﬁre active regions, which indicate about the deep convection
during these seasons. The emitted CO from these ﬁre active regions
get lifted up rapidly by deep convection process.
We have also plotted the seasonal climatology of global distri-
bution of CO at 300 hPa as shown in Fig. 5b, to observe the global
hot spot of CO and its transport. It clearly shows that most of the
major hot spots of CO are those regionswhere biomass burnings are
intense. These plots also conﬁrm the role of convection in lifting
high levels of CO from surface levels to higher heights in the
troposphere. Once the surface CO reaches at 300 hPa, it starts
advecting by strong winds at this height. Most of southern parts of
India have higher levels of CO at this pressure level in all the sea-
sons (Fig. 5b).
Furthermore, the 7 day kinematic back trajectories (Fig. 6) are
computed for studying the transport effect at 10 km (~300 hPa)
altitude using the Hybrid Single Particle Lagrangian Integrated
Trajectory Model (HYSPLIT) (Draxler and Hess, 1997) for alternate
days of the years of 2002 and 2012. The trajectories are calculated
corresponding to the MOPITT overpass time over the equatorial
region at 1600 IST (Indian Standard time, which is 5.5 h ahead
than Greenwich Mean Time (GMT)). The air-mass over all the
study regions spend almost 90% time between 9000 and
12,000 m except during monsoon. The trajectories mostly origi-
nate from the lower altitudes during monsoon. The trajectories
over Delhi and Dibrugarh during winter, spring and autumn
originate mostly from the northern parts of Africa, which is the
desert region. During monsoon, these trajectories are conﬁned
over the Asian region due to the anticyclonic circulation. On the
other hand, during spring, the back trajectories over Ahmedabad
are mostly coming from the central African region bringing
higher levels of CO. During autumn, part of the trajectories come
from central Africa and part from SE-Asia, bringing high levels of
CO over Ahmedabad. The monsoon trajectories are similar to
those over Delhi and Dibrugarh region. Over Hyderabad, back
trajectories during the winter and spring show that their origins
are mostly from the ﬁre active region of central Africa. Therefore,
during these two seasons, the long-range transport of polluted air
from these ﬁre active regions could enhance CO levels at 300 hPa
over Hyderabad also. On the other hand, the trajectories during
autumn are conﬁned comparatively in a smaller region due to
low wind speed and indicate the transport of mixed air from SE-
Asia and the Arabian Sea. Although no major ﬁre counts have
been observed over SE-Asia during autumn in the range of back
trajectories, but CO levels are already higher at 300 hPa over
Thailand, Myanmar and Indian Oceanic region (Fig. 5b), mostly
due to the vertical transport of CO enriched air mass due to
biomass burning during autumn over Indonesia and subsequent
Fig. 4. CO distribution in the troposphere from 14 years (2001e2014) of MOPITT monthly climatology over all the study regions. The colours denote the range of CO mixing ratios in
ppbv. The violet patches denote the data gap due to the used criteria (DFS < 1.2) for the analysis.
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vandrum has different wind patterns at 300 hPa as compared to
other regions. Here, the winds come mostly from the east di-
rection during all the seasons. The 7 days back trajectories do not
have a speciﬁc direction during the winter and spring. As seen in
Fig. 6, these trajectories cover a large part of south India and
south-east Asian region including Thailand and Myanmar. Hence,
high levels of CO over Thailand and Myanmar due to ﬁres there,
could be responsible for higher levels of CO over Trivandrum
during winter and spring. During the monsoon and autumn, the
trajectories clearly show their origins from the SE-Asian region.
However, there is no ﬁre in SE-Asian region in the monsoon. As
discussed earlier, higher levels of CO during autumn could be due
to ﬁres over the Indonesia region. Along with it, deep convection
during autumn over Trivandrum may also contribute to the high
CO values at 300 hPa.4.4. Comparison with model simulations
This section presents a comparison of monthly climatology of
MOPITT CO with two chemistry-transport models (MOZART and
EMAC) simulated CO climatology from January, 2001 to December,
2007. The satellite retrievals cannot be compared directly with
models simulation, since satellite retrievals depend on the a priori
information about the retrieved trace gas amounts and on the
relative sensitivity of the retrievals to different pressure levels in
the atmosphere. Thus, the modelled proﬁles are accounted ﬁrst for
the a priori information and sensitivity of retrieved proﬁles to the
true retrievals (as given by the averaging kernel) before their
comparisons with satellite retrieval. These transformed model
outputs are expressed by the “pseudo-retrieval”. The pseudo re-
trievals of model proﬁles are calculated using the followingequation as discussed in Deeter et al. (2004) and in Yoon and Pozzer
(2014).
PprModel≡P
a
MOPITT þ AMOPITT

PMODEL  PaMOPITT

(1)
Where AMOPITT denotes the MOPITT averaging kernel, PaMOPITT de-
notes the a priori constraint vector and PMODEL denote the models
(MOZART and EMAC) CO proﬁle. In order to make the comparison
of seasonal proﬁles of COwithMOZARTand EMACmodel simulated
CO proﬁles, we have calculated the modiﬁed normalized mean
biases (MNMB), in order to take account of asymmetry between the
cases of under and over prediction, which is deﬁned in Elguindi
et al. (2010). Fig. 3 shows the seasonal cycle of CO at 900 hPa and
300 hPa from MOPITT observations and model simulations. At
900 h hPa, both the models reproduce fairly well seasonal pattern
and amplitude of CO over all the study regions. The model simu-
lations are very close to the observations during the winter and
spring months with a difference that EMAC mostly underestimates
(MNMB varies from 5% to 20%) and MOZART mostly overestimates
the observations (MNMB varies from 1% to 15%). During the
monsoon and autumn months, the mixing ratios of CO are over-
estimated by both the models (MNMB varies from 5% to 35%).
Over Delhi region, both the models show one month lag in the
increasing phase of the CO seasonal cycle at 900 hPa level. MOPITT
CO data show an increase after July while models show increase in
June. In March, signiﬁcant increase in the levels of CO over Dibru-
garh region, which is due to the impact of extensive biomass
burning in the eastern Indian region, is captured well by both the
models. The models' simulation and observed CO are very close
over Ahmedabad and Trivandrum regions. At 300 hPa, the seasonal
pattern is again fairly reproduced by both the models over all the
study regions except Trivandrum. In this altitude region, the
Fig. 5. (a) Distributions of MODIS ﬁre counts over the globe during all the four seasons using the seasonal climatology of 12 years period (2001e2012). The colour axis represents
the range of ﬁre counts. (b) The 14 years (2001e2014) climatology of MOPITT COmixing ratios at 300 hPa during all the four seasons. The colours show the range of COmixing ratios
in ppbv.
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different locations) the observations in comparison to lower alti-
tude region. Generally, the models capture the peak during
monsoon months quite well, but with a lag of one or two months.
Over Trivandrum, the EMAC results show a peak during monsoon
months while observations and MOZART do not show any peak
during these months. The seasonal pattern is captured very well by
MOZART at this height. CO contour plots based on the MOPITT and
the pseudo-retrieval proﬁles from both the models for all the ﬁve
regions are shown in Fig. 7. This ﬁgure clearly shows that both
models reproduce very well monsoon high at 300 hPa altitude
region due to the deep convection, while the vertical gradients are
partially captured by the models during all the seasons. Overall,
both the models capture signiﬁcantly higher levels of CO over
Ahmedabad, Hyderabad and Trivandrum regions during autumn
seasons, which are mostly due to the long-range transport of CO
from Africa and SE-Asia as discussed in the previous section. It
seems that basic transport patterns in the troposphere are simu-
lated well by both the models.5. Summary and conclusions
A detailed study of the variability of CO in the troposphere over
ﬁve selected regions in India has been made using the monthly
average version 6 data of MOPITT for the period of 2001e2014.
These selected urban regions have very different ecosystems in
India. For avoiding the major inﬂuence of the assumed a priori
proﬁles, we took only those proﬁles which have DFS greater than
1.2. Furthermore, the averaging kernels analysis shows that these
data have good sensitivity at 900 hPa and 300 hPa. We have
calculatedmonthly and seasonal climatologies based on all the data
for 2001e2014. The following are the salient points from this study.
 Highest COmixing ratios are observed in winter at 900 hPa over
all the study regions due to the shallow boundary layer and
possibly due to reduced chemical destruction as well. Dibrugarh
region, shows higher CO in the spring season as compared to
other study regions due to dominating contribution from
biomass burning in that region. Lowest mixing ratios at this
Fig. 6. Seven day air mass back trajectories using the HYSPLIT model at 10 km altitude (nearer to 300 hPa) over all the study regions during the four seasons. The altitude variations
of these air masses are shown using different colours. The trajectories are calculated corresponding to MOPITT overpass time over the equatorial region (1030 Greenwich Mean Time
(GMT) ¼ 1600 IST (Indian Standard Time)) for alternate days (started from 1st January) for the year of 2002 and 2012 (approx. 365 trajectories over each study region).
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(JJA) over all the regions. This is mainly due to the sweeping of
the Indian region by cleaner marine air mass carried by the
south-west monsoon winds. The CO levels are observed higher
over Delhi and Dibrugarh and lowest over Trivandrum during
monsoon. This is because Delhi and Dibrugarh get mixed air
masses of continental and oceanic origin and Trivandrum get
directly from the Indian Ocean at 900 hPa.
 We observe a reversal in the vertical decreasing trend above the
height of 500 hPa with a peak around 300e200 hPa height re-
gion. Furthermore, it is noted that this peak levels are higher
during monsoon over all the regions except Trivandrum. This is
likely due to convection of polluted air getting trapped in the
anticyclonic wind system. This aspect is also discussed in several
studies (Kar et al., 2004; Li et al., 2005; Randel and Park, 2006;
Park et al., 2009; Ghude et al., 2011). Higher levels of CO in this
pressure range are also observed in other seasons over Ahme-
dabad, Hyderabad and Trivandrum. This has not been reported
so far in the literature to the best of our knowledge. The 7 day
back trajectories calculated using the HYSPLIT model show
transport from the biomass burning affected regions of central
Africa and SE-Asia.
 A reversal of the seasonal cycle is observed at 300 hPa as
compared to at 900 hPa over all the study regions except Tri-
vandrum. The seasonal amplitude dominants over inter-annualvariability at 900 hPa. Hyderabad and Trivandrum show higher
seasonal CO amplitude in comparison to other study regions at
900 hPa. In contrary to this, inter-annual variability dominates
over Ahmedabad, Hyderabad and Trivandrum regions at
300 hPa. The year-to-year variation in the pattern of long-range
transport (Hess, 2005) could be one of the causes for the
dominance of inter-annual variability at this height over these
regions.
 The monthly climatology of satellite data has been compared
with the climatology simulated using MOZART and EMAC
models. These models are able to capture the broad features like
seasonal variability at 900 hPa, peak at 300 hPa during Asian
summer monsoon due to the deep convection and vertical
gradients.
This study highlights the role of long-range transport of CO
from major biomass burning regions of central Africa and SE-
Asia in addition to the well-known effects of deep convection
during monsoon. Hence, in addition to local emissions, long-
range transport of pollutants can affect signiﬁcantly the free
tropospheric region mostly over the southern part of India.
This may change the levels of O3 and OH in the upper tropo-
sphere. This analysis may be useful for the modellers, to un-
derstand the role of transport in the troposphere over the
tropical region.
Fig. 7. Comparison of the observed (a) and models ((b) EMAC and (c) MOZART) simulated variations in CO (at different heights and in different months) over all the study regions
based on the 7 year monthly climatology (from 2001 to 2007). Note that, the observed contours (a) are different than in Fig. 4 due to the different analysis periods. For making the
comparisons, the model results are ﬁrst transformed using the MOPITT averaging kernel and the a priori proﬁle. The colours indicate the range of CO in ppbv.
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